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Viewed from the technical angle, labour and energy may be considered the basic 
resources for production. Methods to compute the requirement of energy and 
labour for the production processes from raw material to the product at the farm 
gate are discussed. It is shown that limited amounts of added energy and labour 
are required to achieve the maximum possible production per hectare. 
The form of the functions that relate the requirement for these resources with 
the level of production is considered in two limiting situations. These concern the 
minimum amount of added labour that is required when energy is abundantly 
available and the minimum amount of added energy that is required when labour 
is abundantly available. By means of these functions and the added energy and 
added labour used in the actual farm situation, iso-yield functions are constructed. 
These functions identify the possibilities for substitution of energy and labour 
during the production process at various yield levels. 
The shape of the expansion paths indicate that there may be a considerable range 
of production situations where the yield per unit of added energy, the yield per 
unit of added labour and the yield per unit of surface increase with increasing use 
of added labour and energy per hectare, whereas the added energy use per unit of 
added labour decreases at the same time. 
Some resulting options for growth, with special reference to the situation in the 
Netherlands, are discussed. 
Introduction 
Since it is assumed that the days of cheap energy are probably over, considerable 
attention has been paid to the role of energy in agricultural production. It has been 
realized that energy is not only used directly in the form of oil and electricity for 
propulsion and heating, but also indirectly for the manufacture of fertilizers and 
farm machinery and for reclamation and maintenance of the soil. Apart from that, 
the energy supplied through labour and the sun is also considered. 
A recent number of SPAN (Vol. 18, No 1, 1975) is completely devoted to this 
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problem of energy use in agriculture and through all the articles it appears that 
there is still considerable confusion with respect to the computation of the total 
energy use per unit of aricultural product, the meaning of the efficiency of energy 
use in terms of energy gained and in general with regard to arranging" the infor-
mation in proper perspective. 
Surprisingly enough, it is not realized that similar calculations as for energy now, 
have been made for labour (see, for instance, Fourastie, 1965). Since it may be 
reasoned that labour and energy are the two basic resources, it seems worthwhile to 
combine these two approaches, placing special emphasis on the degree in which it 
is possible to replace the one by the other in agricultural production. 
This article is a first attempt at such an approach and is especially speculative 
in its purpose to support the development of strategies of food production, adjusted 
to efficient use of labour, energy and the sun, which radiation is exploited. It is 
also highly rudimentary, because a quantitative analysis of experimental and statis-
tical data is still lacking. The effort required for this was considered too large at a 
stage where the methodology is still underdeveloped. 
At first the resources of agricultural production are considered, the special 
position of energy and labour being emphasized. Subsequently attention is paid to 
the proper definitions of added labour and added energy in its direct and indirect 
form. A further important aspect concerns the potential yield concept and the 
characterization of the input needs dependent on the yield level. The form of the 
relation between added energy and yield and added labour and yield are then 
considered in the situation where the other resource is freely accessible. The form 
of these functions determine to a large extent the shape of the iso-yield curves in 
diagrams with the added energy and added labour along the axes and these curves 
finally reveal the options for efficient use of labour and energy in various situations 
of availability. 
Labour and energy as basic resources 
Agriculture is the human activity that transforms solar energy at the earth's surface 
into useful (edible) chemical energy by means of plants and animals. The prime 
resource is labour, because it appears possible to grow crops without drawing upon 
any resource of energy and raw material not contained in the soil and the radiation 
from the sun. Yields are then often small and may be improved considerably by 
drawing upon outside resources of energy and matter. Like labour, energy is dis-
sipated during its use and therefore a more basic resource than matter, which may 
be recycled. At least viewed from a technical point of view; economically 
there is no reason to any special role to energy in comparison to other 
resources that may be Hmited supply. 
Indeed, the scarcity of all means of production may be measured by the amount 
of labour and energy that is needed for its production from the raw materials. 
According to this view, liquid and gaseous fossile fuel are not scarce at all, because 
the labour and energy required for its and transport are small. This lack of 
scarcity in the Netherlands is reflected the low cost of natural gas. Its much 
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higher price reflects the fact that gas, although easy to gain, is available in a limited 
amount and easily subjected to manipulation by those controlling the sources. 
The amount of organic material available in fossile and not so fossile form equals 
5 times the amount of oxygen in the air, and therefore it could be re.fisoned that 
the energy supply is inexhaustable for every practical purpose. Ho·vever, the limit 
of supply is attained as soon as the energy required for mining and transport of the 
fuel is in excess of its energy content and this limit may be attained when about 5% 
of the oxygen of the air has been used. Phosphate is abundant so long as it is avail-
able in high concentrations at various suitable locations. It is anyhow unexhaust-
able because less and less concentrated supplies may be exploited at the expense 
of more and more energy and labour. 
Although besides labour, energy is needed to organize the material world around 
us, it would not be necessary to emphasize its role, if it should appear that energy 
remains in abundant supply, due to the existence of nuclear or other sources .. This 
position is taken by Fourastie (1965) who considers only the supply and use of 
human labour. 
Thermodynamically, the energy content of a fuel should be characterized by its 
free energy content, that is the heat of combustion minus the work dissipated during 
expansion at normal pressure when used. Especially when such diverse sources 
of energy as oil, differences in height of water and nuclear devices are compared 
is it necessary to consider the free energy. But at the low level of f;Ophistication of 
present computations, the heat of combustion of fossil fuel is in general used, 
multiplying the energy use in the form of electricity by 3, under the assumption 
that all electricity is generated from fossil fuel. 
The added energy of a product is the total amount of energy used for its pro-
duction and the production of all inputs from the raw materials used, inclusive of 
the energy used for transportation. The added labour of a product is the total 
amount of labour used for its production and the production of all inputs from the 
raw materials used, inclusive of the labour used for transportation. These defini-
tions are formulated as simple as possible and need therefore some further ex-
planation. 
Added energy and added labour of agricultural products are taken into account 
only during the uphill process from raw material to product at the farm gate and 
not during the downhill process from farm to consumer. The difference is im-
portant, because it is suggested that the added energy during the downhill process 
is several times larger than during the uphill process. This holds also for the added 
labour, as is reflected by the difference in price of a product at the farm gate and 
in the supermarket. The distinction between direct use of energy and labour on the 
farm and indirect use during manufacture and transport of all inputs used is also 
made, but the border between both is mobile. 
Added energy and added labour dissipate during human consumption, so that 
the added energy and added labour cost of labour itself are zero. A possible ex-
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ception could be made for the cost of transport of labour between house and farm 
and for the energy and labour added during schooling. Education is considered 
a right of the individual in modem society, and therefore its cost in terms of added 
energy and added labour are not considered an investment which is to be accounted 
for during the manufacture of a product. In a slave society this would be different. 
The added energy and added labour of keeping horses must also be taken into 
account. When horse food is bought, it is not the energy content of the food that 
matters, but the added energy and added labour that goes with the food. Home-
grown food is part of the internal cycling and does not figure at all in the analyses 
of input and output. The added energy of a fa,rm product that does not draw upon 
other inputs than labour is zero, irrespectively of horses, (home-made) windmills 
or other energy-consuming or energy-producing devices being used. This is because 
the energy from the sun, be it in the form of radiation, wind, or home-grown food 
for the horse, is the source which is exploited in farmmg and not used as a means 
of production. Obviously, there is an analogy here with the special position of soil 
as a capital good in economics. 
The added energy and added labour of capital goods are passed on in accord-
ance with the rate of depreciation, so that the end result of any computation de-
pends on the state of technology and the economy and changes with time. 
The added energy and added labour may be determined by analysing in detail 
the production process on the farm and of all production processes down to the 
raw material. Not only the added energy and added labour during the manufacture 
of a tractor is to be accounted for but also that of the steel required for the manu-
facture of the tractor and of the tractor factory. The number of processes to be 
considered during each step along the lines increases geometrically, but the contri-
bution of each process decreases also rapidly. In processes which result in more 
than one end-product, there is no logical way to allocate the added energy and 
added labour to these products. The analogous problem in economy is often solved 
by partitioning the costs according to the relative prices of the products, which is 
in the final analysis an arbitrary decision. However, since the results of all com-
putations are anyhow dependent on time and circumstances, this probably is the 
best procedure also here. 
As has been suggested by Dekkers et al. (1974), the problem of energy account-
ing can also be approached by means of Leontief's input-output matrixes. If suffi-
ciently 'homogenous' sections are considered, the input of energy and labour into 
one economic section may be allocated to other sootions according to the 
money flow. Many sections have to be considered to achieve sufficient homogeneity 
within each section, so that the method requires also an exploding effort. A com-
bination of both methods is most convenient. The results of an input-output ana-
lysis are then used as the for a technical analysis of the production process 
under consideration, and so it suffices to analyse only a limited number of steps of 
the latter process. 
Many calculations of added energy are done at present, without a proper analysis 
of the difficulties, or proper standardization of the methods and - what is even 
more disturbing - without considering at the same time the added labour and 
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without using the experience in the field of labour accounting. The present author 
took part in the effort (Dekkers et al., 1974; de Wit, 1975) but looks very sceptical 
upon the results achieved up to now by himself and others> which is also one of 
the reasons why this article is concerned with the discussion of methods and prin-
ciples and leaves number grinding for the time being alone. 
Energy and labour accounting may provide some insight in the existing situation 
but not in the possibility of substitqting energy and labour by varying the input 
mix, needed to achieve a given yield. For this purpose a technical analysis of the 
options is necessary and this may be done along the lines suggested in this section. 
A classical tool in crop husbandry research is the field experiment in which one 
or more growth factors are varied independently or in combination while the effect 
on yield is recorded. If any, this effect is in general characterized by production 
functions of diminishing returns, in which the rate of increase of the yield decreases 
with increasing yield, so that gradually an optimum is approached which value 
depends on the other growing conditions which are assumed not to vary between 
treatments. In this way, a first indication is obtained of the factors that may affect 
the yield, but it remains obscure how much the yield may be increased when all 
controllable growing conditions are chosen in the optimum range. 
The knowledge of the physiology and ecology of the crop growth process has 
been increasing so much during the last 20 years that it is feasable to estimate 
such a potential. This opens the possibility to compare yields that are actually 
achieved with possible yields and to investigate reasons of discrepancy (de Wit, 
1968, 1970, 1972). 
At first the potential growth rate of a closed green crop surface optimally sup-
plied with water and nutrients is calculated from relevant plant physiological and 
weather data. Subsequently, plant and varietal characteristics are considered that 
govern the development of the crop throughout the season with respect to time 
of flowering, time of ripening and the distribution of the organic material to the 
various organs. In this way, it has been estimated for the Netherlands that the 
potential production of wheat varieties with sufficient sink capacity in the ears, with 
sufficient strength to withstand lodging and with customary flowering and ripening 
time, is about 9500 kg/ha. This does not mean that higher yields can not be 
achieved, but this would require varieties that flower earlier, ripen later or have a 
better photosynthesis capacity than has been observed up till now. 
Computed potential yields and actual yields are given in Fig. 1 (de Vos, IBS, 
pers. comm.) for a period of 5 years. The actual yields that are obtained by the 
farmer were about 5000 kg/ha, whereas the best varietal trials resulted in yields 
of a little over 7000 kg/ha. Although the usual inputs of water, fertilizers and so 
on were necessary to achieve medium yields, it was impossible to bridge the gap 
between actual and potential yields by further manipulation of these inputs. This 
gap could be bridged by maintaining a sufficiently healthy and green crop surface 
until seed ripening by controlling 'ripening diseases', as is shown by some ex peri-
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Fig. 1. Various yield levels in the Netherlands. 
(Personal communication, de Vos, IBS, Wageningen.) 
mental results in the graph and confirmed by more recent research of de Vos and 
co-wqrkers (IBS). 
Since it is possible to attain potential yields with various crops, it has also been 
demonstrated that this may be achieved by manipulating a limited number of 
growth factors over a Jimited range or, in other words, by a distinctly limited effort. 
Depending on the yield level which is aimed at, the various yield-affecting meas-
ures have to be applied selectively. This situation is schematically presented by the 
input functions in Fig. 2, where the yield goal is given as the independent variable 
along the horizontal axis and the need for various growth factors or crop husbandry 
INPUT 
•t. MAX 
100 
50 
FUNCTION 
TYPE 
0o~--------~50----------~100 
YIELD %MAX 
150 
Fig. 2. Various types of input functions. 
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measures, along the vertical axis, all in percentages of their maximum. These input 
functions only characterize the needs for various inputs, which may be substituted 
to some extent with each other. For instance, deep ploughing may substitute to 
some extent fertilization and dense sowing may partly substitute active weed con-
trol. Therefore the functions should be vizualized as broad bands, -ather than thin 
lines. 
Input functions of type l present those factors and measures that are to be ap-
plied at about the same intensity, irrespective of the yield. Examples are the amount 
of seeds, of minor elements, the amount of ploughing and the spreading of ferti-
lizers. And of course the main reclamation activities, like clearing, levelling, de-
stoning, and so on. 
The need for amelioration measures, such as the control of water and pH, in-
creases according to the input functions of type 2. A pH which is good enough for 
a medium yield is good enough for a maximum yield, and the need for water and 
water control hardly increases when yields approach the maximum. The same 
holds for the need of phosphate since the uptake by the plant is often small 
compared with the continuous immobilization in the soil. Even the necessary 
amounts of nitrogen are represented by functions of type 2 rather than by those 
of type 3, because maximum yields are mainly achieved by avoiding diseases in 
the second half of the growing period when the plant has attained its final size and 
its main nitrogen requirements are already covered. Also pastures need relatively 
less nitrogen when yields are high, mainly because high and controlled growth rates 
combined with a proper harvesting regime necessitate and enable the application 
of the proper amounts at the proper time. The recovery of nitrogen may approach 
100 % (Alberda, 1972) instead of the almost unavoidable 50 % at lower yield 
levels. To what extent high yields are again wasted during their further processing 
by means of animals is another matter. 
Type 3 functions hold obviously for the amount of handling that is necessary 
after harvesting, but examples for inputs during the actual growth process could 
not be visualized. Input functions of type 4 characterize the control of many 
diseases with an epidemic nature, because dense crops provide often a good en-
vironment for their development, and lengthening of the actual growing period 
during ripening gives the epidemy the time to reach economic damage levels. 
Within the higher yield range, there also may be more need of the use of chemical 
growth regulators. The use of varieties that are adapted to local conditions and 
have a broader resistance spectrum against lodging and diseases increases also pro-
gressively with increasing yields. 
Type 5 functions also exist. They present the intensity of weed control, which is 
easier the better the growth of the crop and a nuisance throughout the season when 
yields are low. In many situations, these curves present also the need for special 
methods of erosion control, which is often difficult when yields and therefore the 
production of roots, stubbles and mulching material is low. 
The input functions in Fig. 2 only characterize the various inputs, which may be 
substituted to some extent for each other. Hence, there is a wide spectrum of input 
mixtures that ena,ble the realization of each yield level, even the maximum, which 
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Fig. 3. AEL -, : The minimum amount of added energy 
that is required for a given yield, when labour is 
abundantly available. 
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may of course vary with crop species, soil and climate and of which only a part is 
feasable from an economical, social or environmental p<:>int of view. Therefore, an 
identifiable problem exists only after introducing an ordening principle that governs 
further analyses. For this purp<:>se two extreme situations will be treated. These 
a£e the minimum amount of added labour that is necessary when energy is abun-
dantly available and the minimum amount of added energy that is necessary when 
labour is abundantly available. It is necessary for this to resolve each input in an 
added labour and added energy comp<:>nent, and to select the manufacture process 
of the inputs that achieve the desired results with either the least amount of added 
labour or the least amount of added energy. 
The two input functions that are needed are schematically presented in Fig. 3. 
It is remarked that there is no reason to assume that both functions are straight 
lines through the (0, 0) and (100, 100) point or are in some other way the same 
and that at least their shape in qualitative terms may be found by reasoning. 
The input function for added energy with unlimited access to added labour will 
be considered first. This curve does not pass through the origin, because it is pos-
sible to achieve some yield with the input of labour only. In general, the yield level 
without the input of added energy is about 10 % of the potential yield or about 
1000 kg/ha in terms of wheat, but on good soils in the Netherlands this yield level 
is about 20 % of the potential. This figure is derived from an analysis of historical 
data (Baars, 1973), but cannot be verified because many soils in the Netherlands 
have been heavily fertilized with energy-rich phosphates. 
Whatever the input of Jabour, higher yields cannot be achieved because the 
fertility of the soil can be improved only by the use of outside resources in the form 
of fertilizers and sometimes heavy machinery for ameloration. These inputs are 
particularly rich in added energy and their use is characterized by input functions 
of type 2. However, to increase the yield level from median yields onwards, inputs 
that are characterized by type 4 functions are relatively more useful. These are 
manufactured and applied with relatively low use of energy. Therefore the input 
function of the required added energy with unlimited acces to labour is at first steep 
and levels off towards the end. 
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The function for required added labour with free access to energy differs in 
various aspects of the former. Obviously, it is impossible to achieve any yield with-
out the use of labour, so that the function passes through the origin. On the other 
hand, is is possible to mechanize and automatize to a large extent at relatively low 
yield levels that must be anyhow achieved by means of energv-ridi inputs, like 
fertilizers. And this is possible with relatively low use of labour. However, the 
necessary inputs at higher yields are characterized by functions of type 4, and the 
development and use of these inputs require a relatively greater use of labour. 
Therefore the input function of the needed amount of labour with free access to 
energy steepens with increasing yields. 
The form of these input functions depend on the crop, the production conditions 
and the technological know-how. The curves do not depend on the economic 
situation because they characterize a limiting situation in the technical sense. A 
detailed quantitative analysis of even some situations requires considerable intel-
lectual and experimental effort, which is only justified when the need for such an 
analysis is thoroughly established. Whatever the outcome, it is claimed here that 
the basic production relations are sufficiently established to state that any reasoning 
leading to the suggestion that the input functions are curved in the other direction 
as depicted in Fig. 3, contains arguments that can be proven to be false. 
The above analysis shows to what extent energy and labour cannot be substituted 
for each other in the extreme situation. However, agriculture is practiced in situ-
ations where both have their price, so that more is used of each than would be 
needed when the other were freely accessable. These above minimal amounts 
are substitutable with unit elasticity. This means in its most simple form that 
din (AE-AEr.>)/dln (AL-AL>) equals -1, (Allen, 1968), sothatthe iso-yieJdfunction 
is given by: 
(I} 
This function relates the added energy and labour at a given yield level and should 
not be mistaken for a production function of the form: Production = f (AE, AL). 
AE and AL present aU combinations of added energy and added labour that are at 
least required to obtain a given yield, and AEL> and ALE> are the minimum 
needed amounts of added energy and labour when the other is freely accessible. 
Both constants define the minimum necessary amounts to achieve the yield con-
cerned, and are, as illustrated in Fig. 3, very much yield-dependent. On the other 
hand, it is suggested that the third variable C which governs the curvature of the 
hyperbolic function is practically a constant function of the yield, since the tech-
nical arsenal that is necessary to substitute energy and labour is similar at any 
yield levet This may be a too rigourous schematization, like the assumption of sym-
metry implied by the absence of power terms in Eq. 1. 
Examples of iso-yield functions, i.e. curves of equal yields in dependence of 
added energy and labour, are given in the diagram of Fig. 4 for a 20, 50 and 100% 
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Fig. 4. lso-yield functions of added energy 
versus added labour for the 20, 50 and 
100 % yield level. The curves are assumed 
to hold for farms in the south-western clay 
district in the Netherlands, arouQd 1965. 
yield level. This diagram vizualizes the common notion that it is easy to replace 
relative large amounts of energy by relatively small amounts of labour when much 
is used of the first, and that the reverse is true when much is used of the latter. On 
the other hand, it should be noted that a proportionate increase of added energy 
and added labour does not necessarily lead to a less than proportionate increase 
in yield. This common notion of diminishing returns is not reflected because the 
input mixture may vary at the same AE/ AL ratio. 
The axes of the diagram are scaled to give some idea of the quantities involved 
and of the difficulties that are encountered. The actual values should not be taken 
very seriously. 
The open circle in Fig. 4 presents the added energy and added labour per hectare 
on a farm in the middle of the 1960's in the south-western clay district in the 
Netherlands. The added energy figures are obtained from Dekkers et al. (1974) 
with this difference that human labour is not considered as a source of energy and 
that the energy use through fertilizers is adjusted upwards on basis or more con-
clusive information (Schuffelen, 1975). The added energy appears to be about 
20 gigajoules (GJ) per hectare, which is equivalent to the heat of combustion of 
about 1250 kg of organic matter. This is roughly in agreement with the often cited 
figure of Pimentel et al. that in arable farming about three times more 
energy is produced in edible form than used in the form of fossile fuel. Since 
potential yields of organic matter are about 20 000 kg/ha, this illustrates that the 
energy needs on a farm are relatively low. However, it should be realized that the 
technology to convert organic material into energy that can be used to manufacture 
the inputs needed for production is not available and may be expensive to develop 
and to use. 
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The labour employed on the farm amounted to 0.065 man/ha, but this direct 
use should be increased with the indirect labour, used for the manufacture of all 
inputs. Since the factor costs (labour, rent of capital) and the non-factor costs 
(products and services used) are about the same, it is assumed that the indirect 
labour use is the same as the direct labour use, so that the added labo~r amounts 
to roughly 0.13 man/ha. Dovring (1967) estimated by means of bdter, but stiJl 
short cutting procedures that the indirect (off-farm) labour cost were 50% of the 
direct (on-farm) labour cost in the USA in 1960. 
The actual and potential yield data indicate that the yield level on this farm 
was about 50 % of the maximum, so that the 50 % iso-yield curve may pass this 
point Even this is an assumption, because it is now known to what extent the pro-
duction was rational, i.e. occurred with the least amount of added energy and 
labour at the calculated AE/ AL ratio. 
A further analysis of the input data shows that a little over half of the energy 
was used for mechanized operations, like ploughing, sowing, harvesting, weed 
control and so on. In principle, these operations may be done in hand labour. On 
the other hand, somewhat less than half of the added energy was used for fertilizer 
and other yield increasing inputs and this means that the horizontal asymptote of 
the 50 % iso-yield function is positioned around the 8 GJ /ha level. 
Nobody has actualJy tried to mechanize and automatize as much· as possible so 
that the position of the vertical asymptote is rather obscure. This asymptote is 
drawn under the assumption that the labour needs could have been reduced to-
wards half in 1965, taking into account that a too great reduction at the farm level 
is balanced by an increased need for labour during manufacture and maintenance 
of the highly automated machinery. The other iso-yield lines are drawn under the 
assumption that the functions of Fig. 3 hold and that the value of the constant C in 
Eq. 1 is indeed independent of the yield level. 
The marginal substitution ratio or the slope of the iso-yield function is: 
dAE AE-AEL> 
-------
dAL AL-ALE-.., (2) 
For the farm situation in 1965 (at the open circle) its value is 190 GJ/man, which 
means that the energy flow should increase with 190 GJ/year to achieve the same 
production with one man less. This amounts to an energy-flow of 6 kW, and that 
is not contradictory to the 5 kW that is said to be necessary to substitute a labour 
place in industry without decreasing production. 
It is worthwhile to consider the position of the point that characterizes agricul-
ture around 1800 in the south-western clay district in the Netherlands (Baars, 1973; 
Dekkers et al., 1974). The yield at that time was about 2000 kg/ha in terms of 
grain and 4000 kg/ha in terms of total organic matter, or 20 % of the potential. 
This yield was achieved without the input of fertilizers and with a direct labour 
input of 10 men on a 50 ha farm. Taking the somewhat longer working time and a 
little labour of craftsmen into account, this amounts to an added labour of about 
0.3 man/ha. 
The yield of close to 25 ha was used to support some cows, eight full-grown 
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horses and young animals in total amounting to about 26 'standard rows'. These 
animals prodnced 8500 kg milk per year and less than 10 000 kg of animal for 
slaughter, the greater part as horse meat. This indicates that animals were mainly 
used for work and for concentrating minerals in the form of manure. 
An organic matter consumption of half of the total dry matter yield of 4000 kg/ 
ha is equivalent to an energy consumption of roughly 30 GJ /ha, which is consider-
ably higher than the present added energy use of 20 GJ/ha. However, taking di-
gestion losses, maintenance and replacement cost into account, the efficiency of 
animals as a source of mechanical power is only a few percent of the energy 
consumed as organic material. 
Hence, recalculated in tenns of fossi1e fuel used in modem equipment, this total 
is equivalent to only a few GJ /ha, a ]ow figure that could have been derived direct-
ly from the well-known fact that the power of a horse is less than one horse power. 
This recalculation situates the point for the 1800 farm in the 1965 diagram close 
to the horizontal axis at 0.3 man/ha and also close to the 20 % iso-yield function. 
The estimates in this section are for a farm in the south-western clay district 
around 1965. The iso-yield functions are different for other farms, for other regions 
and for other times. However, it seems safe to assume that the form and the relative 
position of the iso-yield functions is approximate the same in various situations 
because they depend on basic principles. Subsequent generalisations are based on 
this assumption and do not imply that aggregate iso-yield functions for a country 
as a whole are meaningfuL 
Historical curves 
Since many years, the price of labour has been increasing continuously with 
respect to the price of energy, and as far as agriculture is concerned, the product 
prices have been maintained at such a level that the income for the farmers h~ 
almost maintained at parity with the income of other sections. Whatever the exact 
mechanism, this had led to a development where the added labour use per hectare 
has been decreasing and the added energy use and the yield per hectare has been 
increasing at the same time. Such a growth course may be depicted in an added 
energy versus added labour diagram, as has been schematically done in Fig. 5. In 
interpreting such curves it should be realized, however, that in the course of time 
not only the technological arsenal changed to adapt to the changing economic 
situations but that also the technological know-how increased. 
This means that the iso-yield functions shifted in the course of time more and 
more towards the origin of the graph. Indeed, the increase of technological know-
how is characterized by the decrease of required added labour and added energy 
at a given ratio of added energy and added labour and at a given yield level. This 
definition is vizualized in Fig. 5 by the distance between the iso-yield functions 
along the line thr.ough the origin. 
Since in the course of time the ratio between added energy and labour changes 
also, it is impossible to determine this increase of technological know-how by 
means of a statistical analysis of data collected in the actual farm situation. How-
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Fig. 5. A schematic presentation of the influence of increased know-how on the position of 
the iso-yield functions and a suggested form of a historical growth course. 
ever, the required added energy or added labour to attain a given yield level in the 
limiting situations (i.e. AEL > and ALE> ) are not confounded by economic con-
straints, and it is at least in principle possible to reconstruct their decrease in the 
course of time by a technical analysis of possibilities. This has not been attempted 
as yet. 
The kind of increase in technological know-how is dictated by economic needs, 
and it is assumed that the relative decrease in the value of ALE> has been much 
more pronounced than the relative decrease in AEL>, simply because in Western 
society labour has been h1 short and energy in abundant supply. This assumption 
is reflected in Fig. 5, where the values of AL> E are reduced relatively more than 
AEL>· 
The development in the future may not be governed so much by relatively de-
creasing energy prices, but by a constancy of the price ratio of energy and labour 
at a considerably higher level than the present. Be it only because the suppliers of 
energy are determined to put their monopoly position to good use and to keep up 
with inflation. Neglecting many complications, it could then be assumed that the 
situation will be more effectively governed by the marginal substitution value of 
both resources, or settle at a point of an iso-yield function where it is neither ad-
vantageous to replace energy by labour nor labour by energy. In mathematical 
terms, this marginal substitution ratio or slope of the iso-yield function equals 
( dAE/ dAL)M = PL/PE 
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where PE and PL are the prices of energy and labour. Barring time lags due to 
price changes, inertia of capital goods and assuming a competitive economy, all 
activities being on the farm or otherwise should then be guided towards this mar-
ginal substitution ratio by the invisible hand of Adam Smith. 
Each iso-yield curve has its marginal slope and the curve that joins 'these slopes 
is called in econometry the expansion path. Three of these paths are given in Fig. 4, 
which hold in accordance with their number 1, 2 or 3 for a situation where the 
energy price level is low, medium or high, respectively, compared with labour. 
Clearly, the expansion paths are not straight lines through the origin so that the 
optimal ratio of added energy and added labour (AE/ AL) varies with the yield 
level in spjte of the constancy of the marginal substitution ratio. Some conse~ 
quences of this wi11 be discussed in the next section. 
Along the expansion path, the total costs of energy and labour may be calculated 
according to 
TC = PE·AE + PL·AL (4) 
for each yield level and in this way a curve may be constructed that relates these 
cost of production with the yield (van Riemsdijk, 1960). Given the price of the 
product, the yield level may then be found that, with respect to energy and labour, 
leads to the highest profit along the whole line of production from raw material to 
end product. Of course, the price of agricultural products may be comparatively 
so low that any production leads to losses. On the other hand the price may be so 
high that it is advantageous to produce at the potential rate. 
Each entrepreneur along the line tries continuously to maximalize his profit on 
the basis of current prices of goods, capital and labour, and monopolists and pres-
sure groups alike try to maximalize their profits by manipulation. Moreover, all 
energy and labour is not equally expensive for various production processes, and 
means of production may be imported from countries where the marginal substi-
tution ratio of both has another value. For a further analysis it seems therefore 
useful to abstract as much as possible from behavioural aspects governed by prices, 
which means that some other principles of governing behaviour have to be con-
sidered. In the further analyses, it is therefore assumed that shortage of energy may 
become so overruling that governments will at least attempt to direct future growth 
by aiming at a marginal substitution ratio of energy and labour which is considered 
optimal and maintainable for society as a whole. It is also assumed that attempts 
will be made to regulate agricultural production through prices and other ways to 
some optimal pattern in terms of use of energy, labour and land. 
Options for growth 
Agriculture serves many purposes in the Netherlands. Before the war its function 
as a source of employment, during the war its function as a source of food, and 
after the war its function as a source of income was emphasized, and during recent 
years agriculture is recognized also as a source of landscapes and one of the many 
sinks of fossil fuel. 
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But what about future? Agriculture should remain sufficiently productive to 
function as a source of income for farmers and agriculturally based industries, both 
uphill towards the farm and downhiH towards the consumer, but also guarantee a 
reasonable diet for the population in times of international stress. At th14 same time 
agriculture should remain a source of emp1oyment, contribute its ~'-!are towards a 
more efficient energy use, function as a source of land for urban development and 
semi-natural conservancies, rehabilitate valuable landscapes and in general lessen 
its effect on the environment. 
There is considerable pessimism as to whether agriculture will be able to satisfy 
all these demands, and this is justified in so far that it will be difficult, but not a 
priori unfeasible. And since there will be enough pessimism until the year 2000, 
a more optimistic scenario may restore the balance somewhat. 
The food consumed in the Netherlands in terms of calories consists for about 
one third of animal products and in terms of proteins even for two-thirds. In spite 
of this and the large population density of over 500 capita per km2 cultivated land, 
the country is self-supporting in so far as food is concerned (Dekkers et al., 1974). 
This high productivity forms the necessary basis for a healthy 'agri-business' which 
contributes further through the import of plant products and the export of animal 
products substantially towards the trade balance of the country. In view of the still 
increasing population, this favourable situation with respect to self sufficiency and 
economy can only be maintained if the productivity of of agriculture is to increase 
for some time to come, although not necessarily at the rapid rate of the last 
deoades. Since it is well established that the yields per hectare may be at least 30 % 
higher, this would be technically feasible, even when other claims on the soil have 
to be satisfied. Of course it is always advantageous to achieve this by increasing 
the technological know-how, so that at the same AE/ AL ratio less of both are 
required to achieve the same yield. 
At the same time, however, government policy could be directed towards a 
decrease of energy use per unit of product and per unit of man by promoting other 
production patterns to save both energy and the environment. If it is assumed that 
most agricultural enterprises in the Netherlands are somewhere along an expansion 
path situated between patch 1 and 2 in Fig. 4, the three requirements of increased 
yields per hectare, and decreased energy use per man and per unit of product 
could be satisfied at the same time. This course should lead to the use of more 
added labour per hectare which would be undesirable when at the same 
time the production per man should decrease considerably; however this depends 
on the situation. In the condition of expansion path 1 the added labour per hectare 
would increase more than two-fold with an increase in yield from the 50 to 100 % 
level. But in the case of expansion path 2, the added amount of labour would in-
crease less than two-fold with a two-fold increase in production. And this opens 
the possibility of increasing the volume production per hectare, per unit of added 
energy and per unit of added labour, whereas the use of added energy per unit of 
added labour would decrease and agriculture would remain a good source for 
skilled employment, at the same time. This is indeed the farnous sheep with five 
legs that is needed so badly. 
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Apart .from the relatively low energy cost, several reasons may be given why 
such an obvious favourable production situation is not achieved at present. In the 
past, the farmer has been operating mainly at lower yield levels, roughly below 
50 % of the maximum, where it was necessary to increase the energy., use per unit 
of labour to increase production. The diffusion of technological know-how is also 
a slow process. Moreover, there may be situations for which the differences be-
tween both curves in Fig. 3 are exaggerated. Then, the region of mutual benefit of 
energy and labour would be smaller. On the other hand there may be also situ-
ations where the reverse is true. However inaccurate the basic information, the 
wisdom of a policy which leads to the employment of only a few percent of the 
working population in agriculture and its ·supporting activities may be questioned. 
The investment of added labour and added energy required to achieve high 
maximum yields could very well be too high on part of the soils, especially in 
regions where it would be anyhow worthwhile to conserve and rehabilitate land-
scapes, moulded by old agriculture practices. Since it is unnecessary for some time 
to come to use all the soils at maximum capacity, it would be a pity to spoil these, 
just before the days of cheap energy are over. 
Environmentalists often assume that conservation and rehabilitation should be 
achieved by prescribing the agricultural practices that were formative in the past, 
which would imply the introduction of labour-intensive, energy-extensive and low-
yielding agriculture. These methods would require large operating and income 
subsidies per hectare, but also condemn the farmer to operate at a substitution ratio 
of energy and labour which is not at parity at all with the marginal substitution 
ratio at which other farmers and society at large are allowed to adjust. But this 
implies working methods that are socially unacceptable and invite the clandestine 
use of more remunerative agricultural methods that approach the otherwise ac-
cepted substitution ratio. 
Instead of describing historical farming methods it is necessary to develop goals 
for landscape parks, so that socially acceptable management methods with a nor-
mal substitution of energy and labour ratio can be developed, which leave the 
farmer as much freedom as possible to minimize his losses. If this appears im-
possible, so called landscape parks will be left alone as being socially unacceptable 
in terms of working methods, financially unacceptable in terms of income sub-
sidies and practically impossible to enforce. 
Options for different growth patterns exist in agriculture when a reasonable rate 
of energy consumption can be maintained. This may be the case in rich countries, 
but the situation is completely different for poor nations. Agriculture is executed 
there with a minimum of added energy. In this way hunger may be avoided in spite 
of a growing population so long as land is available that may be reclaimed with 
little organized effort. Such land is practically exhausted in various regions 
(Buringh et al., 1975, and unpublished analyses), and here further increase in food 
production is only possible by using outside energy resources- sometimes for large 
scale reclamation, but in most cases for fertilizers and other means of production. 
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Growth courses as in Fig. 5, that have been followed by rich countries, require 
large amounts of cheap energy, which is then partly used to reduce the requirement 
of labour. Growth, if any, is more likely to take place along the expansion path 3 
in Fig. 4, because energy will remain for a long time expensive with respect to 
labour in the poor countries of the world. This path of increasing yields is charac-
terized by the use of more energy per hectare, more added energy per unit labour 
and more added labour per hectare. The latter is required because energy-rich 
inputs contain added labour and because higher yields means a larger need for 
labour on the farm when the use of energy-consuming machinery is avoided. How-
ever, this only path of growth is also thoroughly blocked by the old and the new 
rich who 'like the Dutch, are paying too little and asking too much'. Indeed, the 
price that the poor have to pay for energy-rich inputs is too large with respect to 
the price that they are able to make for their agricultural products. On the other 
hand, it should be realized that Western technology has been geared mainly to-
wards labour-saving methods and that the art of growing crops with a minimum 
of added energy is hardly developed. 
A rough analysis of Fig. 4 shows that also in the region of expansion path 3~ 
the increase in yield in energy terms (1250 kg organic dry matter = 20 GJ) is much 
larger than the energy needs to achieve this increase. However, the technological 
potential for the development of decentralized production methods of the needed 
energy-rich inputs like fertilizers by means of locally produced organic material 
is not only lacking, but may be a pie in the sky. 
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